Abstract-Radio-sounding experiments using signals from the Japanese NOZOMI spacecraft to probe the circum solar plasma were performed from December 2000 through January 2001. They can be used to obtain information about the properties of the solar wind plasma in the region where it is accelerated at heliocentric distances of 12.8−36.9R s (where R s is the radius of the Sun). Measurements of the intensity and frequency of the received signals were carried out with high time resolution (∼0.05 s for the frequency and ∼0.0064 s for the intensity), making it possible to investigate the anisotropy of inhomogeneities and the spatial spectrum of the turbulence of the circum solar plasma. Analysis of these radio-sounding data has shown that the scintillation index and intensity of the frequency fluctuations decrease approximately according to a power law with increasing distance of the line of sight from the Sun. Measurements of the amplitude fluctuations and estimates of the solar wind velocity derived from spatially separated observations indicate the presence of small-scale inhomogeneities with sizes of the order of 50 km at heliocentric distances less than 25R s , which are elongated in the radial direction with anisotropy coefficients from 2.3 to 3.0. The inhomogeneities at heliocentric distances exceeding 30R s become close to isotropic.
INTRODUCTION
Much information about the parameters of the solar wind in its acceleration region, which is not accessible to direct measurements, can be inferred from the analysis of radio signals emitted by spacecraft and natural radio sources that pass through the solar wind plasma. Radio astronomy data and data from radio physics experiments have been used to find the characteristics of inhomogeneities (turbulence) of the solar wind plasma, which give rise to fluctuations of the amplitude, phase, and frequency of such radio waves. Radio sounding of the circum solar plasma has established that the index of the spatial spectrum of the plasma inhomogeneities p depends on the heliocentric distance. In the region where the flow has formed (heliocentric distances exceeding 20R s , where R s is the radius of the Sun), the index p for the largescale component (10 3 −10 6 km in size)varies near 3.67, close to a Kolmogorov spectrum. At heliocentric distances R < 15R s , this index decreases to 3.0-3.2 [1, 2] . According to certain as yet unconfirmed data, the small-scale portion of the turbulence spectrum may be flatter [3, 4] . Analysis of radio-sounding data has also shown that the electron density inhomogeneities are anisotropic, and are elongated in the radial direction. The degree of anisotropy (the axial ratio of the spatial scales of the plasma density fluctuations) depends on heliocentric distance, the phase of the solar activity cycle, and the size of the inhomogeneities [5, 6] .
Additional possibilities for investigating the smallscale structure of the solar wind are provided by hightime-resolution amplitude and phase measurements probing the circum solar plasma carried out with the Japanese NOZOMI spacecraft [7] , as well as the simultaneous reception of such signals at two observing points and the determination of the solar wind velocity [8] .
The current paper further develops the results of [7] . Our goal is to determine the characteristics of the turbulence of the solar wind plasma (the spatial spectrum and level of the turbulence and the degree of anisotropy), and to obtain the radial dependences of the scintillation index and intensity of the frequency fluctuations based on radio sounding of the solar wind using signals from the NOZOMI spacecraft.
CHARACTERISTICS OF THE EXPERIMENTS
Radio sounding of the circum solar plasma was carried out using NOZOMI signals from December 6, 2000 through January 23, 2001 [7] . The observations (CR 1970 (CR -1972 took place during maximum solar activity: the Wolf number exceeded 100, and sunspots encompassed heliolatitudes ±40 • (http://sidc.oma.be/html). The conditions on the Sun were fairly quiescent: only a few comparatively weak (class M) flares occurred during this period. Therefore, we infer that these NOZOMI experiments probed the region of circum solar plasma corresponding to the streamer belt. The sounding was carried out as the line of sight both approached the Sun (east limb) and receded from the Sun (west limb). Seven sessions were conducted from December 6, to December 28, 2000, as the distance R between the line of sight and the Sun decreased from 36.9R s to 12.8R s . The distances R in two sessions on January 22 and 23, 2001 as the line of sight receded from the Sun were 15.7R s and 16.9R s . The probed regions were located near the plane of the solar equator.
The NOZOMI experiments were carried out in a coherent two-way mode. An S-band (wavelength λ = 13.1 cm, carrier frequency f = 2.1123 GHz) signal radiated by ground-based systems passed near the Sun and was then received by systems on the spacecraft. On board the spacecraft, the frequency was multiplied by the coefficient q = 880/221 to form an X-band (λ = 3.6 cm, f = 8.4109 GHz) response signal that was coherent with the original S-band signal; this signal was then transmitted toward an observing point on Earth, where it was received. Fluctuations in the received X-band signal are due to two factors: fluctuations in the S-band signal arising in its path from the original ground-based radiation point to the spacecraft, multiplied by the coefficient q, and fluctuations in the X-band signal arising during its propagation from the spacecraft to the ground-based reception point. Since the intensity of the frequency fluctuations due to the presence of plasma is inversely proportional to the frequency, the latter of these components is a factor of q 2 smaller than the former in power, and can be neglected. The fluctuations in the intensity (or amplitude) are due only to the influence of the plasma on the X-band signal propagating from the spacecraft to the reception point.
An important property of the NOZOMI data is their high time resolution, which makes it possible to carry out studies of the spatial spectrum of the turbulence of small-scale inhomogeneities in the solar wind. The period of the frequency measurement cycle is T = 0.0512 s (corresponding to a sampling rate of F = 19.531 Hz), while the period of the intensity measurement cycle was a factor of eight shorter (T = 0.0064 s, F = 156.25 Hz). The time resolution used in the reduction of the NOZOMI data is much higher than in analogous experiments with the ULYSSES (1991, 1995) and GALILEO (1995 GALILEO ( -2004 spacecraft, where the period T was 1 s [2] .
SPECTRAL ANALYSIS OF THE FREQUENCY FLUCTUATIONS
The spectral density of the fluctuation frequency G f (ν) is related to the characteristics of the sounded turbulent plasma by the known expression [2] 
where ν is the fluctuation frequency
sponding to the outer L 0 and inner L m turbulence scales, V is the velocity of the solar wind, and α f is the index of the fluctuation frequency spectrum, which is the power-law index of the three-dimensional spatial spectrum of the turbulence p minus three [2] . Using known data on L m and L 0 and assuming V = 300 km/s, we can estimate the expected values for the frequencies ν 0 and ν m . As follows from radio astronomy data [3] and radio physics experiments [9] , the inner scale, on average, increases with heliocentric distance R from ∼10 km at R = 10R s to 40 km at R = 30R s ; the frequency ν m decreases accordingly, from ∼30 Hz (R = 10R s ) to ∼7.5 Hz (R = 30R s ). The outer scale also increases in a regular fashion with distance [10], from ∼2R s (R = 10R s ) to ∼6R s (R = 30R s ), while the frequency ν 0 varies from ∼2 × 10 −4 to 7 × 10 −5 Hz. The NOZOMI experiments have the minimum possible value ν ν 0 ; as follows from (1), the spectral density can be represented in the form 2000 (R = 31.5R s ). The presented spectra characterize the frequency fluctuations for the S-band signal in the path from the ground-based radiation point to the spacecraft multiplied by the coefficient q. These were obtained by averaging an ensemble of individual spectra derived by applying a Fast Fourier Transform (FFT) in successive time segments with durations of 8192 counts covering the entire measurement session. The data of Fig. 1 show that the spectral density G f (ν) for fluctuation frequencies 0.002 Hz ≤ ν ≤ 0.5 Hz can be approximated by a power law. The approximating exponential relations are shown in Fig. 1 as linear functions on a loglog scale. The power-law index (spectral index) for these functions α f varies over an appreciable range, from 0.34 (Fig. 1a) to 0.93 (Fig. 1d) . In most cases, α f varies around 0.67, corresponding to Kolmogorov turbulence. Higher values of α f could be associated with the passage of coronal mass ejections through the propagation path. These results agree with data obtained using other spacecraft [1, 2] . This is true for the growth in α f when perturbed flows of plasma pass through the propagation path (December 11, 2000; Fig. 1d ) and the decrease (on average) of the spectral index of the frequency fluctuations that occurs when the line of sight of the radio signal approaches the Sun (December 28, 2000; Fig. 1a ).
An important property of the spectra depicted in Fig. 1 is the excess spectral density of the frequency fluctuations in the interval ν = 0.5−3 Hz, compared to a power law. The detection of this effect was possible thanks to the high time resolution of the frequency measurements. This observed enhancement in the spectral density may be due to the influence of amplitude fluctuations. At fairly low fluctuation frequencies, where amplitude fluctuations are insignificant, the spectral density of the frequency G f (ν) and phase
making it easy to find the phase spectra from the frequency spectra. However, this relation must be modified at frequencies comparable to the Fresnel frequency, since, in the standard definition of the phase and frequency,
where ϕ 1 (t) and f 1 (t) are the modified phase and frequency, respectively, A(t) and A 0 are the instantaneous amplitude of the signal and its mean unperturbed value, and f 0 is the carrier frequency of the sounding radio signal. Relation (4) can be used to determine the correlation function of the fluctuations,
, where B ϕ (τ ) and B χ (τ ) are the correlation functions of the phase ϕ(t) and the level χ(t) = ln[A(t)/A 0 ]. In contrast to (3), the temporal spectrum of the fluctuation frequency corresponding to (5) is
and depends on both the spectra G ϕ (ν) and G χ (ν).
The form of the frequency-fluctuation spectra in Fig. 1 exactly corresponds to (6): at low frequencies, where the signal-level fluctuations are low compared to the phase fluctuations, the spectra are close to power-law. The difference of the spectra from power laws at 0.5-3 Hz is associated with the influence of the signal-level fluctuations, whose spectra (see An interesting feature of the spectra presented on the log-log scale in Fig. 2 is that they become nearly parallel at frequencies below 0.1 Hz and above 3 Hz. This property is due to the fact that the power-law indices for the amplitude and phase fluctuation spectra are equal at frequencies above the Fresnel frequency. Figure 3 shows the values of p determined from the frequency fluctuations at 0.002 Hz ≤ ν ≤ 0.1 Hz as a function of R. On average, the power-law index p is close to 3.67, characteristic of Kolmogorov turbulence, with no obvious dependence on the heliocentric distance. Only the value of p in the innermost point of the studied range of distances from the Sun (∼13R S ) is slightly lower, p = 3.38.
The dependence of the rms frequency fluctuations on the distance of the line of sight from the Sun R was obtained from our spectral analysis of the data. Figure 4 presents the values of σ f (R) for the S-band signal on a log-log scale, obtained by integrating the spectral density from the minimum frequency ν to ν = 3.0 Hz. The σ f (R) can be approximated using a power law:
where B = 35.80 and b = 1.61. This power-law function is shown by the straight line in Fig. 4 . This value of b is in agreement with data obtained using other spacecraft, which indicate power-law indices b in the broad range 1.5-2.5 [12] .
SPECTRAL ANALYSIS OF THE AMPLITUDE FLUCTUATIONS
The signal level is determined by the ratio of the amplitudes of the radio waves propagating in the inhomogeneous medium A and in the unperturbed medium A 0 :
For small fluctuations, the spectral density of the signal-level fluctuation G χ (ν) can be found from the temporal spectrum of the intensity fluctuations G i (ν) using the simple relation . The spectra were obtained by averaging individual spectra in successive sets of 8192 counts covering the entire session. The data presented in Fig. 5 show that the scintillation is enhanced as the line of sight approaches the Sun, and the spectral density G i increases. The spectra are informative up to some frequency ν 1 , above which they become noisy. Depending on R, the frequency ν 1 varies in the range 5-15 Hz.
Typical spectra of the scintillation amplitudes have a flat section at low frequencies and fall off approximately according to a power law at high frequencies. The location of the intersection of the asymptotes approximating the low-frequency and high-frequency temporal spectra for the amplitudes and intensities yields the characteristic frequency ν c , given by [13, 14] 
where σ p is a weakly varying function of the index p (it increases from ∼2.2 to 2.6 [6] as p varies from 3.0 to 4.0),
is the radius of the first Fresnel zone, L 1 is the distance between the scattering layer containing the inhomogeneities and the spacecraft, L 2 is the distance between the scattering layer and the groundbased station, and V app is the apparent velocity of the inhomogeneities through the line of sight (i.e., the apparent velocity of the diffraction pattern). If the anisotropy parameter ζ = 1 and the solar wind velocity V is much higher than the sound speed, as is true at fairly large distances from the Sun, then V app = V [6] . In this case, relation (10) indicates the possibility of determining the solar wind velocity from the characteristic frequency ν c [14] . The ratio V/V app represents an upper limit for ζ, namely ζ ≤ V/V app [6] . Figure 6 presents the rms values of the intensity fluctuations (or scintillation index) of the X-band signal σ i as a function of the heliocentric distance R. The σ i values were obtained by integrating the spectral density G i from the lowest frequency (ν ≈ 0.02 Hz) to ν 1 . The dependence σ i (R) (like σ f (R)) can also be approximated using a power law of the form (7), with B = 4.64 and b = 1.305; this function is shown by the straight line on the log-log plot in Fig. 6 .
During the propagation of a plane radio wave in a turbulent medium, the signal-level and phase spectra are identical at high frequencies (ν > ν c ) [15] . Simultaneous measurements of the amplitude and frequency of the sounding signal with a small time step can be used to verify this theoretical expectation. Figure 7 shows the spectra of the phase fluctuations G ϕ (curve 1) and the signal-level fluctuations G χ (curve 2) for X-band measurements carried out on January 23, 2001. The spectral density of the phase fluctuations was determined from the spectrum of the received signal by dividing it by q 2 . Both spectra are the result of averaging an ensemble of individual spectra obtained in a succession of time segments during the entire measurement session. The FFT-1024 and FFT-128 algorithms were used to find the spectral density of the signal-level fluctuations and phase fluctuations, respectively. To increase the accuracy with which the spectral density of the signallevel fluctuations is found from the derived spectra, we subtracted the mean noise level in the interval of fluctuation frequencies ν > ν 1 . A comparison of the curves in Fig. 7 shows that the behaviors of the phase and amplitude spectra are indeed similar, and their values are numerically close, although G ϕ > G χ . A similar picture is observed for the other sessions. Only in one case (January 22, 2001) was the difference between G χ and G ϕ substantial. This regularly observed difference in the experimental values of G χ and G ϕ can be explained by the influence of the sphericity of the radio waves. As follows from relations derived in [13, 14] , the sphericity of the waves reduces the dispersion of the fluctu-
compared to the dispersion for a plane wave, which is a fairly strong dependence on p: this quantity is 1.56 when p = 3.67 and 1.18 when p = 2.6. These values are comparable to the ratio G ϕ /G χ . For example, when ν = 3 Hz, the ratio of the spectral densities (Fig. 7) is 1.34. The presence of so-called Fresnel minima and maxima located at fluctuation frequencies ν > ν c is characteristic of the amplitude spectra [14] . In particular, the first Fresnel minimum of the spectral density is at the frequency with ν min /ν c = δ. Thus, determining the value ν min from the experimental amplitude spectrum G χ (ν), we can find the velocity V app , then use the ratio V/V app to derive an upper limit on the degree of elongation of the inhomogeneities in the radial direction.
The Fresnel minima and maxima are weakly expressed, and are not observed in spectra averaged over a large number of data records, as can be seen from the spectra presented in Figs and durations of the data records. Figure 8 presents two amplitude spectra derived from measurements on December 28, 2000 (Fig. 8a) and December 23, 2000 (Fig. 8b) , in which the first Fresnel minimum and maximum are visible. Both spectra were obtained using the FFT-2048 algorithm, via the averaging of eight data records. By means of illustration, curves approximating the low-frequency and high-frequency parts of the spectrum are shown in Fig. 8a . These intersect at ν = ν c ≈ 0.84 Hz. The Fresnel minimum is observed at ν min ≈ 2.05 Hz, so that ν min /ν c ≈ 2.4. Using the fact that r F = 56 km together with formula (12), we can find the velocity of the diffraction pattern: V app = 115 km/s.
To obtain an upper limit for the anisotropy parameter ζ, we used data on the velocity of the solar wind obtained for six days in December 2000 (December 6, 11, 18, 23, 27, and 28) via observations of the amplitude fluctuations made at two spatially separated points [8] . In particular, we find for December 28, 2000 the velocity V ≈ 270 km/s, and accordingly ζ = 2.35. Values for ζ were found in the same way for December 18, 2000 (ζ = 2.65), December 23, 2000 (ζ = 2.64), and December 27, 2000 (ζ = 2.96). Thus, the anisotropy parameter ζ varies in the range 2.35 ≤ ζ ≤ 2.96 in the interval of heliocentric distances (12.8−23.8)R s .
As the line of sight recedes from the Sun, the Fresnel extrema become less clearly expressed, and they are essentially indistinguishable in the spectra derived for December 6, 2000 and December 11, 2000, when R > 30R s . In these two cases, the anisotropy parameter ζ is determined from the characteristic frequency ν c using (10). The value of σ p was taken to be 2.2 (the theoretical value for p = 3). Figure 9 presents spectra derived from measurements made on December 11, 2000 (Fig. 9a) and December 6, 2000 (Fig. 9b) . These spectra were obtained using the FFT-1024 algorithm by averaging ensembles of temporal spectra corresponding to a large number of data records (more than 500) during the entire session and subtracting the spectral density for the noise fluctuations. This method was adopted to obtain the maximum possible accuracy in G χ and the frequency ν c . We used the spectra shown in Fig. 9 to find the values of ν c and V app . For the measurements of December 6, 2000, ν c = 2.8 Hz and V app = 330 km/s, while ν c = 3.05 Hz and V app = 375 km/s for the measurements of December 11, 2000. Both velocities V app are close to the corresponding solar wind velocities [8] , indicating that the anisotropy parameter ζ is close to unity.
CONCLUSION
Our analyses of the temporal spectra for phase, amplitude, and frequency fluctuations of radiosounding signals detected in high-time-resolution measurements with the NOZOMI spacecraft have enabled us to study the turbulence of the small-scale component of the solar wind plasma.
We have increased the accuracy with which we determine the characteristics of the turbulence of the sounding plasma using a method based on averaging an ensemble of spectra corresponding to a large (about 500) number of data records. We subtracted the spectral density of the noise fluctuations from the total spectral density of the amplitude fluctuations for the sounding signals probing the solar wind.
We also tested a method for finding the degree of anisotropy of the plasma density inhomogeneities and their elongation in the radial direction. This method is based on the relationship between the solar wind velocity derived from observations of the signal-level fluctuations at two spatially separated observation points and the position on the frequency axis of the Fresnel minimum of the spectral density of the signal level.
The behavior of the temporal spectra of the frequency and phase fluctuations of the NOZOMI signals testifies that the index of the spatial spectrum of the turbulent solar wind plasma is close to Kolmogorov at heliocentric distances from 15R s to 30R s , possibly becoming flatter closer to the Sun.
The degrees of elongation of small-scale plasma density inhomogeneities at heliocentric distances of (13−25)R s are 2.3-3. The inhomogeneities are isotropic at distances exceeding 30R s , in agreement with the results of radio astronomy observations [16] [17] [18] .
We have obtained the radial dependences of the rms fluctuations of the frequency and the signal level at heliocentric distances (13−37)R s . Both these dependences can be approximated by power laws with indices of −1.6 and −1.3, respectively. 
